Abstract -Experiments were performed with the bare hull of a full-scale, slender, body-of-revolution underwater vehicle of five different lengths, using an internal three-component balance and a planar motion mechanism (PMM). The experiments included resistance, static yaw, dynamic sway and yaw, and, circular arc runs. Results from the resistance, static yaw and sway runs are presented.
I. INTRODUCTION
At the request of Phoenix International Inc., Oceanic Consulting Corporation (OCC) designed and fabricated a fullscale working model of a small underwater vehicle that was tested on the Planar Motion Mechanism (PMM) in the 90-metre towing tank at NRC-IOT. In May 2005, OCC performed the experiments which included self-propulsion, manoeuvring, rudder sweep, resistance and wake-survey runs. The objectives of that test program were to provide:
a. resistance and self-propulsion results for the complete vehicle;
b. horizontal-plane and vertical-plane hydrodynamic manoeuvring coefficients;
c. yaw moments due to rudder deflections; d. propeller wake information for input into the design of an optimal ducted propeller.
The results from these experiments were used to predict (i) the optimal speed to achieve maximum range for a specified battery capacity and expected hotel load (sum of the on-board power requirements other than for propulsion), and, (ii) the minimum radius of turn that could be achieved at a series of forward speeds.
In order to improve the performance of small underwater vehicles, there is a need to study how the vehicle can best manoeuvre itself during the data-gathering portions of its mission. Two abilities are important: being able to (a) position the vehicle so that certain sensors point into the direction of the local flow, and, (b) control the orientation of the vehicle during hovering operations in strong cross-currents or in the Figure 1 that would permit testing hulls of the same diameter, 203 mm, but with LDR 9.5, 10.5, 11.5 and 12.5; see Table 1 . The second set of experiments was completed in November 2005. Further information is available in [1] .
MODEL CONSTRUCTION
Three pairs of extension modules were fabricated from acrylic plastic of wall thickness 6 mm and lengths of one and two diameters each; see Figure 1 . In each configuration the length was extended by equal amounts fore and aft so that the centre of buoyancy (CB) of the model remained essentially the same distance aft of the origin of the internal balance. All the modules were free-flooding. No and fins may be required to accommodate the propulsion and manoeuvring characteristics of the longer hulls. Figure 2 shows one of the models suspended from the PMM. This balance uses two lateral-force loadcells to measure the total lateral force that the fluid exerts on the model. The total lateral force FY is obtained by summing the signals from these two loadcells. The total yaw moment MZ is computed about a vertical axis through a point whose axial location is mid-way between the two lateral-force loadcells which are 902 mm apart; the value of MZ is obtained by subtracting the signals from these two loadcells and multiplying the difference by one half of the distance between these loadcells.
All the static yaw runs were performed using a fixed sequence of yaw (drift) angles from -2 to +20 degrees in steps of two degrees. All runs were performed at a fixed speed of 2 m/s. The first step in the analysis was to plot the measured lateral force FY and yaw moment MZ versus yaw angle. Each curve was then shifted by a slight amount in order to provide zero yaw moment at zero yaw angle; this step accounts for the slight misalignment that occurs during model installation and zeroing of the PMM actuators. Next the data were reflected into the left half-plane. Finally, for each configuration, smooth curves were fitted of the form y= a*P + b* for the hydrodynamic loads that are odd functions of yaw angle 'D', here FY and MZ. Smooth curves of the form y=a+b* 2+ C*p4+d*P 6 were fitted for loads that are even functions of yaw angle, here FX.
For the pure sway runs, the raw time-series data were filtered using the filtfilt function in MATLAB'TM since this filter does not introduce any phase shift into the signal. Simple sinusoids were then fitted to the smoothed time-series using a least-squares technique. Time-series plots of the loads and sway velocity were created; these plots were used to extract the time interval by which each load lags the sway velocity. 
VI. RESULTS
A. Resistance Runs Figure 3 shows how the resistance (axial force) varies with tow speed and model length. The experimental data points are included in Figure 3 in order to show that the curves k*VA2 do in fact represent well the trends in the data. From this figure we can conclude that increasing the LDR from 8.5 to 12.5 results in an increase in resistance of 28 percent, at all speeds. Table 3 summarizes the results; R-square is included as a measure of goodness of fit.. and 6, it is not possible to discern the different experimental data points so they are omitted for clarity. The graphs for FX and MZ show distinct trends with increasing LDR. For the lateral force FY there appears to be only three curves since the curves for LDR of 9.5 and 10.5 appear to coincide, and, the curves for 11.5 and 12.5 appear to coincide. Figure 4 shows that the effect on FX of increasing the LDR is largest at zero yaw angle and this effect decreases as the yaw angle increases; as noted in Figure 3 , increasing the LDR from 8.5 to 12.5 results in an increase in FX of 28 percent at zero yaw angle.
For FY and MZ, Figures 5 and 6 respectively show that the effect of increasing the LDR is largest at the largest yaw angles, however it is clear that the slope of each curve (at the origin) increases with increasing LDR.
The results from the static yaw runs are summarized in Table 4 . The values given in the row for FX are the minimum values, that is, the resistance at zero yaw angle for a speed of 2 m/s; these values can be used to compute the hydrodynamic coefficient 'Xuu' for each model length [2] . The values given in the row for FY are the slopes of the FY(f) curves at zero yaw angle; these values can be used to compute the hydrodynamic coefficient 'Yw' for each model length. The values given in the row for MZ are the slopes of the MZ(f) curves at zero yaw angle; these values can be used to compute the hydrodynamic coefficient 'Nw' for each model length. In the same way that the "aerodynamic centre" for a 2D airfoil section can be found by searching for the axial location of an axis about which the pitching moment is zero, the axial location of a vertical axis about which the measured yaw moment MZ becomes zero can be found. Since the reported values of the measured MZ are about a vertical axis through the origin (which is mid-way between the two lateral-force loadcells), the measured moment can be transferred to be about a vertical axis (which is forward of the origin 'O') at any other axial location as follows; see Figure 8 Figure 9 shows how the axial location of the COE (ahead of the origin) varies with static yaw angle and LDR. As with the variation of FX with yaw angle, the largest effect on the COE of increasing the LDR is experienced at zero yaw angle. Near zero yaw angle, as a fraction of the overall length (LOA), the location of the COE moves aftward from about 0.35 of LOA to about 0.31 of LOA, as the LDR increases from 8.5 to 12.5. Since the CB is from 3 to 4.6 percent of LOA aft of the origin, at zero yaw angle the COE is about 0.40 of LOA ahead of the CB when the LDR is 8.5, and, is about 0.34 of LOA ahead of the CB when the LDR is 12.5. Thus the longest model, at zero yaw angle, as a fraction of overall length, has the COE which is closest to its CB. is, once the motion has attained the required amplitude. Notice that the lateral force FY lags the sway velocity by about 2.31 seconds or 2.55 radians which corresponds to about 40 percent of one cycle of the motion. Similar results were obtained for FY(t) for all the pure sway runs, regardless of the amplitude and period of the motion, and, model length. A similar behaviour was observed for the yaw moment MZ(t), that is, that MZ(t) lags the sway velocity v(t). Typical phase lags for FY(t) are shown in Table 5 ; these values are for one sway manoeuvre with amplitude 0.65 m and period 7.1 sec. From the phase-plane plots two observations can be made: a. Higher-order, non-linear terms involving the sway velocity 'v' must be incorporated into the expressions for the hydrodynamic loads (in the equations of motion) in order to simulate correctly the hydrodynamic loads that are exerted on a bare hull during abrupt manoeuvres.
b. The phase lags between the sway velocity v(t) and the hydrodynamic loads FY(t) and MZ(t) depend on the LDR of the bare-hull. This relationship is depicted in Figure 13 for all the pure sway runs. The trends in all cases indicate that these phase lags decrease as the LDR of the hull increases. This Hull length-to-diameter rati During these experiments, the axial force FY and the yaw moment MZ were of five models of the same diameter but to-diameter ratios of 8.5, 9.5, 10.5, tional expressions for are summarized in Table 5 , for a representative sway manoeuvre. increases in overall length were obtained by increasing the length of the constant-diameter mid-body by inserting pairs of equal-length spacers ahead and aft of the mid-body. 1 . From the resistance experiments, it was shown that increasing the bare hull length-to-diameter ratio from 8.5 to 12.5 results in an increase in straight-ahead resistance of 28 percent, at all speeds. 
